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ABSTRACT 


A  atrita  of  flight;  teata  wae  conducted  at  three  aelrcted  altitudea 
(aea  level,  3000  faat,  6300  feet)  to  >!etermlne  the  ef fact*  of  altitude 
and  weight  on  tha  height* veloct ty  (N-V)  diagram  of  a  large,  heavyweight, 
high  rotor  inertia,  high  dlak  loading,  aingla  rotor,  alngle  engine 
helicopter.  Three  groaa  welghta  of  tha  helicopter  were  uaad.  Quantita¬ 
tive  and  qualitative  teat  data  were  collected  to  determine  how  the  H  V 
diagram  varlea  with  denalty  altitude  and  aircraft  groaa  weight.  An 
lnvaatlgation  vaa  made  into  tha  effecta  on  the  diagram  of  a  delayed 
collective  pitch  application  reaponae. 

Keaulta  diacloaed  a  family  of  curvaa  ahowlng  that  lncreaaea  in 
denalty  altitude  and/or  groaa  weight  enlarged  the  N-V  diagram  required 
for  a  aafa  power-off  landing.  Analyala  of  tha  raaulta  revealed  that 
the  key  pointa  (Vcr,  hain,  and  h»ax) ,  which  partially  define  the  curvea, 
could  ba  determined  by  the  aolutlon  of  a  aet  of  linear  equationa.  Theae 
raaulta  were  identical  to  thoae  reported  in  FAA  Technical  Reporta  ADS- 1 
and  AD6-46  except  for  tha  conatanta  of  tha  linear  equationa  and  tha 
location  of  the  critical  height  (hcr).  The  critical  height  indicated  a 
alight  lncreaae  aa  weight,  altitude  and  collective  pitch  reduction  time 
delay  were  lncreaaed.  An  average  value  for  hcr  can  be  eelacted  without 
upaettlng  tha  family  of  curvea. 
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INTRODUCTION 


Purr is e 

The  purpose  of  this  project  wss  to  determine  by  flight  teste  the 
effects  of  sltltude  end  weight  on  the  height-velocity  (H-V)  diagrams  of 
a  large  single-rotor  helicopter  which  has  an  inherently  high  rotor 
Inertia  and  high  disk  loading. 

Background 

This  flight  test  project  is  the  culmination  of  a  program  Initiated 
by  the  Aircraft  Development  Service,  Federal  Aviation  Agency,  to  acquire 
sufficient  actual  flight  test  data  on  certain  basic  helicopter  flight 
parameters  associated  with  the  determination  of  the  H-V  diagram.  The 
ultimate  objective  of  this  program  is  to  obtain  a  practical  technical 
approach  for  the  determination  of  the  effects  of  altitude  and  aircraft 
gross  weight  on  the  helicopter  H-V  diagram. 

The  H-V  diagram  is  a  chart  which  defines  an  envelope  of  flight  with 
respect  to  airspeed  and  height  above  the  ground  where.  In  the  event  of 
power  failure,  a  safe  power-off  landing  could  not  be  accomplished.  A 
typical  H-V  diagram  as  referred  to  In  this  report  is  shown  In  Fig.  1. 

It  Is  a  diagram  established  from  data  based  on  the  criteria  of  steady- 
state,  level- flight  entry  conditions. 

Previous  flight  test  projects  of  this  program  are  reported  In 
References  1  and  2.  The  flight  test  data  obtained  on  these  projects 
disclosed  that  the  H-V  diagrams  of  the  lightweight  helicopters  tested 
resolved  Into  s  family  of  curves  as  a  function  of  weight  and  altitude. 

To  further  confirm  this  relationship  it  waa  felt  advisable  to  examine 
the  autorotatlve  characteristics  of  a  heavyweight  oingle-rotor 
helicopter  for  further  correlation. 

The  helicopter  utilised  for  the  tests  reported  herein  generally 
represents  the  high  extreme  in  the  spectrum  of  current  generation 
single-engine  helicopters  with  respect  to  considerations  of  gross 
weight,  disk  loading  and  rotor  Inertia. 

DISCUSSION 


Test  Aircraft 


The  test  vehicle  was  a  large,  heavyweight,  single-rotor,  single 
engine  helicopter  as  shown  in  Fig.  2.  This  aircraft  was  selected  for 
this  H-V  test  project  because  of  its  relatively  high  rotor  Inertia  and 
high  disk  loading.  Pertinent  specifications  of  this  aircraft  ate 
presented  in  Appendix  2. 
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FIG.  1  TYPICAL  HEIGHT-VELOCITY  DIAGRAM 


Airborne  end!  ground  Instrumental  ion  woe  util  land  to  record 
helicopter  performance  end  meteorological  data.  Details  of  the 
quantitative  Information  measured  and  the  equipment  utilised  are 
presented  In  Appendix  2. 

Xiu  jMmUflfUL  ml 

»•  IllihLJtll JUilt 

The  flight  teat  project  was  conducted  at  teat  sites  In  the 
State  of  California  during  the  period  September  1965  through 
February  1966.  The  teat  altea,  aelected  for  their  elevation  and  teat 
environments,  were  as  follows: 

Thermal  Airport  Elevation  -117  ft.  MSL 

Siahop  Airport  Elevation  4118  ft.  MSL 

Lake  Tahoe  Airport  Elevation  6263  ft.  MSL 

A  schematic  view  of  the  teat  site  layout  showing  the  relative 
location  of  the  teat  courae,  apace  positioning  equipment,  meteorological 
equipment  and  the  teat  control  center  is  shown  in  Fig.  3. 

Teat  Methodology 

A  professional  engineering  test  pilot  well  skilled  In  the 
mechanics  of  determining  H-V  diagrams  waa  employed  for  the  piloting 
tasks.  The  results  of  his  alrwork  are  therefore  representative  of 
flight  skills  beyond  the  realm  of  sverage  pilot  capabilities  snd 
consequently  produced  minimum  site  H-V  diagrams. 

A  total  of  1044  test  runs  were  conducted  to  determine  H-V 
diagrams  st  the  selected  test  altitudes  for  groaa  weight  conditions  of 
9100  pounds,  10,100  pounds,  and  11,100  pounds. 

The  following  is  s  general  description  of  the  manner  in  which 
the  teats  were  conducted: 

«•  Saasi.il 

The  pilot  would  fly  over  the  test  course  at  a  specific 
steady  airspeed  at  a  predetermined  entry  height  above  the  ground.  When 
stabilised,  he  would  execute  a  simulated  power  failure  by  sudden 
retardation  of  the  throttle  in  order  to  fully  disengage  the  rotor 
clutch.  From  this  point  he  would  land  the  aircraft  with  the  power  off. 
This  procedure  was  repeated  with  the  pilot  adjusting  his  height  or 
airspeed  until  he  reached  a  point  below  which  he  felt  a  safe  landing 
could  not  be  made  because  all  usable  energy  had  been  expended.  This 
point  was  then  plotted  as  a  point  on  the  H-V  diagram. 


4 


FIG.  3  TYPICAL  TEST  SITE  LAYOUT 


The  validity  of  hit  judgment  mi  checked  by  aitant  of 
limited  on-alto  data  reduction  to  determine  If  the  point  thus  declared 
mb  uaable  aa  a  valid  data  point. 

The  above  procedure  wee  repeated  until  a  aufficlency  of 
points  was  obtained  froai  which  an  H-V  diagram  could  be  generated. 

b.  Collective  Pitch  Control  Application 

The  usual  procedure  when  power  faila  in  flight  with  a 
single  engine  helicopter  la  for  the  pilot  to  retain  the  hlgheat 
poaalble  rotor  speed  to  effect  a  landing.  This  is  accomplished  by 
laaaedlate  full  reduction  of  the  rotor  blade  pitch  angle  by  means  of 
the  collective  pitch  stick  control  when  the  height  above  the  ground 
is  adequate.  When  the  height  above  the  ground  and  the  consequent 
time  differential  between  power  failure  and  touchdown  is  limited,  it 
is  not  always  possible  to  effect  full  collective  pitch  reductions.  In 
such  cases,  the  pilot  makes  partial  collective  pitch  reductions  or 
simply  utilises  what  collective  pitch  he  has  remaining  as  the  situation 
dictates. 


The  fact  that  the  test  vehicle  had  inherently  high  rotor 
inertia  suggested  a  comparative  Investigation  into  the  effects  of  a 
no-delay  and  one-second  delayed  response  in  reducing  collective  pitch 
following  throttle  cut  in  order  to  correlate  these  results  with  those 
findings  reported  In  Reference  2.  Since  the  one-second  delay  data 
reported  In  Reference  2  indicated  that  a  displacement  or  step  at  the 
"knee"  of  the  curve  carried  on  up  to  the  high  hover  height,  it  was 
felt  necessary  to  determine  whether  a  high  rotor  inertia 
rotor  would  exhibit  the  same  characteristics  as  compared  to  a  low  rotor 
inertia  system.  Tests  using  c  one-second  delay  response  with 
collective  pitch  application  were  therefore  programmed  into  the  test 
plan. 


3.  Test  Criteria 


a.  Rotor  Speed 

In  order  to  eliminate  as  many  variables  as  possible,  the 
rotor  speed  in  steady  state  autorotation  was  kept  constant  at  a  given 
weight  by  adjusting  the  low  pitch  blade  angle  at  each  altitude  tested. 
This  Involved  raising  the  low  pitch  setting  slightly  at  each  Increase  in 
test  altitude  by  changing  the  length  of  the  pitch  link.  Total  collective 
pitch  travel,  therefore,  was  always  available  for  control  purposes. 

b.  Pilot  Procedures 


There  were  no  restrictions  placed  on  horizontal  touchdown 
velocity;  that  is,  the  pilot  was  not  Instructed  to  obtain  minlmtan 
touchdown  speed,  nor  was  he  limited  as  to  his  maximum  touchdown  speed. 
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The  epeclfic  piloting  techniques  for  handling  the  helicopter  were  left 
to  the  discretion  of  the  pilot.  The  only  limitations  in  technique 
Imposed  upon  the  pilot  were  that  of  the  no~delay  and  on e~ second  delay 
in  collective  pitch  reduction  after  throttle  cut. 

The  decision  as  to  whether  a  landing  was  a  maximum 
performance  effort  was  made  by  the  pilot.  His  evaluation  was  based  on 
whether  he  believed  he  had  any  usable  reserve  energy  remaining  in  the 
form  of  rotor  speed  or  airspeed,  and  the  nature  and  magnitude  of  the 
impact  (Pilot  estimated  landing  load  factors).  The  pilot's  qualitative 
comments  on  techniques  utilised  and  the  related  criteria  for  his 

*  decisions  were  used  in  evaluating  the  flight  test  data.  A  discussion 
of  these  techniques  can  be  found  under  "Pilot's  Comments"  in  Appendix  2. 

.  c.  Weight  and  Center  of  Gravity  Control 

Weight  was  kept  within  approximately  +  1/2  percent  by  adding 
ballast  after  every  few  runs  and  refueling  as  required. 

The  Center  of  Gravity  (c.g.)  of  the  helicopter  was  generally 
constant  for  all  tests  at  a  location  one  inch  (+  1/2  inch)  forward  of 
the  vertical  station  through  the  rotor  hub. 

d. -  Wind  Allowables 

Limitations  were  placed  or.  allowable  wind  velocities  for 
these  tests.  The  wind  velocities  were  measured  at  a  12  foot  instruments* 
tion  height.  Hovering  and  very  slow  speed  tests  were  not  conducted  in 
wind  velocities  in  excess  of  2  mph,  and  all  other  tests  were  discontinued 
when  the  wind  exceeded  5  mph  at  this  height.  A  helium  filled  balloon 
moored  so  its  height  could  be  varied  was  utilised  as  a  visual  indicator 
of  wind  aloft  for  the  benefit  of  the  pilot. 

e.  Altitude  Control 

Density  altitude  for  the  tests,  with  but  a  few  exceptions, 
was  maintained  within  approximately  600  feet  of  the  average  density 
altitude  for  each  consideration  of  weight  and  collective  application 
technique.  The  exceptiona  were  evaluated  and  weighed  in  the  final  deter* 

•  tains  t  ion  of  the  K-V  curves.  It  was  considered  that  small  variations 
in  density  altitude  would  have  little  effect  on  the  teat  data  results. 

*.  f •  Entry  Speeds  and  Conditions 

All  spaads  used  in  the  program  and  in  this  report  are 
given  in  terms  of  calibrated  airspeed  (CAS).  The  entry  airspeed  used 
for  each  point  on  the  H-V  diagram  was  obtained  from  the  photographic 
record  as  ground  speed,  corrected  for  observed  wind  at  the  12  foot 
level  and  converted  to  calibrated  airspeed. 
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ANALYSIS  AND  RESULTS 


D1 8  cm  slop  of  Tests 

A  brief  discussion  of  several  aspects  of  the  test  program  at  this 
point  would  perhaps  contribute  to  a  better  understanding  of  the  test 
results.  The  test  vehicle,  which  was  large  and  heavy,  was  not  generally 
sensitive  to  the  effects  of  light,  steady  winds,  particularly  in  the  very 
low  speed  regimes.  Problems  due  to  wind  did  exist  however,  because  of 
inability  to  accurately  determine  the  winds  aloft  which  could  vary 
considerably  from  that  measured  at  the  12  foot  height  and  because  in  very 
light  wind  conditions,  winds  aloft  were  frequently  variable. 

A  car  pace  was  used  exclusively  by  the  pilot  in  the  low  airspeed 
range  as  a  means  of  speed  control  for  both  the  upper  and  lower  boundary 
of  the  H-V  curve.  While  this  system  was  reasonably  effective  for  the 
lower  boundary,  it  was  considerably  less  effective  along  the  upper 
boundary  because  of  the  large  separation  between  helicopter  and  car.  It 
was  isuch  more  difficult  for  the  pilot  to  sense  relative  motion  between 
the  two  vehicles.  Along  the  lower  boundary  where  the  winds  were  more 
consistently  known,  this  technique  was  quite  useful.  Along  the  upper 
boundary,  however,  indeterminate  winds  presented  problems  in  approaching 
a  data  point  (see  Pilot's  Comments) . 

Obtaining  high  hover  and  near  high  hover  data  was  again  one  of  the 
most  difficult  parts  of  the  test  program.  Unstable  air  conditions, 
indeterminate  airspeeds  and  unknown  winds  aloft,  all  contributed  to  the 
difficulty.  In  general,  weather  conditions  prevailing  at  the  test  site 
during  the  conduct  of  the  project  were  not  as  stable  as  was  desired  for 
this  type  of  testing. 

The  use  of  the  radar  altimeter  in  providing  correct  information  to 
the  pilot  for  height  above  the  ground  was  of  major  importance  to  the 
successful  completion  of  the  project.  The  pilot  was  able  to  repeat  his 
runs  at  a  constant  known  height  within  one  or  two  feet.  This  made  it 
possible  for  him  to  be  able  to  tolerate  the  lack  of  precise  airspeed 
information  with  some  degree  of  confidence. 

The  wheel  landing  gear  configuration  of  the  test  helicopter  exposed 
it  to  far  greater  potential  damage  as  a  result  of  a  landing  gear  failure 
than  did  the  skid  gear  types  of  References  1  and  2.  As  a  consequence, 
the  pilot  exercised  extreme  caution  during  the  project  as  evidenced  by 
the  number  of  runs  required  to  produce  data  points  -  a  ratio  of 
approximately  8  to  1  -  during  which  time  he  was  constantly  evaluating 
and  improving  his  technique. 
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Height- Velocity  PlglEIBI 


Height* velocity  diagrams  were  first  con* true Cad  from  the  experl- 
Mentally  obtained  data  point*.  Varloua  croaa  plot*  of  velocity,  altitude, 
weight,  and  height- above- the- ground  were  then  constructed  and  atudled  to 
deterwlne  what  kind  of  relatlonahlpa.  If  any,  existed  between  the  Many 
H-V  diagrams.  Information  froca  theee  croaa  plot*  vii  then  uaed  to  adjuat 
the  original  fairing*  of  the  height- velocity  curve*  *o  that  the  reworked 
curve*  thu*  obtained  provided  the  beet  fit  with  the  data  point*  and  the 
cro*a  plotted  point*.  These  adjusted  curve*  with  the  experimental  data 
point*  are  shown  In  Fig*.  4,  5,  and  6.  The  variation  with  altitude 
and  gros*  weight  for  both  no-delay  and  one-second  delay  condition*  is 
shown  In  Fig.  7.  The  variation  with  altitude  for  each  of  the  three  gross 
weights  tested  1*  shown  In  Fig.  8.  The  variation  with  gross  weight  for 
the  density  altitudes  tested  is  shown  In  Fig.  9.  Since  the  helicopter 
tested  had  United  perfomance  capability  at  the  higher  gross  weights 
at  the  higher  altitudes,  it  was  not  possible  to  obtain  data  over  a  full 
range  of  altitudes  at  the  higher  disk  loadings.  The  results  herein 
presented,  however,  exhibit  linear  relationships  which  are  quite  similar 
to  those  obtained  fron  the  testing  reported  la  References  1  and  2,  and 
there  were  no  Indications  that  this  linear  relationship  would  not  hold 
true  for  the  higher  disk  loadings  at  the  altitudes  tested. 

Since  the  density  altitude  spread  for  all  the  runs  at  any  given  test 
site  was  larger  than  desired,  an  average  density  altitude  for  each 
condition  of  weight  and  collective  pitch  application  was  derived  and 
utilized  to  facilitate  data  analysis.  Test  points  could  not  be  qualified 
with  respect  to  their  relative  position  about  an  H-V  curve  in  accordance 
with  their  test  density  altitude  alone;  l.e.,  outside  the  curve  for  higher 
altitude  and  inside  the  curve  for  lower  altitude  because  other  variables 
which  had  Much  greater  effect  on  the  data  overshadowed  the  altitude 
variation  effects. 

All  of  the  data  points  were  analysed  on  an  individual  basis  as  well 
as  fron  an  overall  basis  to  establish  their  relative  position  with  respect 
to  the  H-V  dlagrana  that  were  developed.  The  data  was  generally  good 
for  this  type  of  testing  and  It  fit  the  H-V  diagrams  very  well.  In  the 
general  analysis  there  were  two  basic  sreas  which  disclosed  data  points 
that  fell  outside  of  the  developed  H-V  dlagran.  These  two  areas  were  at 
Bishop  at  the  9100  pounds  test  weight  (see  Fig.  4  •  center  curve),  and 
at  Lake  Tahoe  (see  Fig.  4  -  right  hand  curve)  at  the  9100  pounds  test 
weight.  Most  of  these  data  points  occurred  along  the  upper  boundary  of 
the  curve  and  were  the  nost  difficult  to  obtain  because  of  conditions 
which  sre  described  In  the  "Discussion  of  Tests".  The  Bishop  runs  were 
the  initial  tests  performed  In  the  program  and  while  some  points  were 
qualified  on  an  Individual  basis.  It  Is  believed  that  basic  skills  had 
not  yet  been  achieved.  The  runs  at  Tahoe  are  explained  on  the  basis  of 
the  pilot's  recorded  run- by- run  c cements .  Most  of  the  points  elong  the 
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FIG.  4  HEIGHT -VELOCITY  DIAGRAMS  -  BASIC  DATA. 
HELICOPTER  GROSS  WEIGHT,  9100  POUNDS. 
THREE  DENSITY  ALTITUDES  SHOWN 
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FIG.  9  HEIGHT-VELOCITY  DIAGRAM  VARIATION  WITH  GROSS  WIEHT.  THRZ 
DENSITY  ALTITUDES  SHOWN  FOR  DELAY  AND  NO-DELAY  CONDITIONS 


upper  boundary  ware  not  •pacifically  designated  as  "•olid"  points  by  chs 
pilot,  but  rather  they  were  designated  for  Investigation  with  the 
possibility  of  better  qualifying  the  point  at  a  later  date.  Weather 
conditions  and  tisie  prevented  further  testing  in  this  area  at  Tahoe. 

Points  along  the  lover  boundary  from  the  "knee"  down,  on  the  other  hand, 
were  designated  by  the  pilot  as  "solid"  points. 

All  runs  which  were  noted  as  data  points  or  near-data  points  by  the 
pilot  have  been  Included  on  Figs.  4,  3,  and  6.  Examination  of  the  data, 
however,  reveals  that  in  certain  areas  the  pilot  was  able  to  reduce  the 
entry  speed  or  change  the  height  appropriately  when  confirming  a 
particular  point.  In  general,  the  landing  load  factors  for  points  lying 
outside  the  curve  were  low  and  increased  ao  the  entry  speed  was  reduced. 

In  a  few  instances,  however,  it  was  noted  that  lower  load  factora  were 
obtained  when  the  entry  apaed  was  reduced.  This  wae  probably  due  to 
exceptional  pilot  technique  in  executing  the  maneuver  which  undoubtedly 
la  the  swat  important  tingle  factor  In  obtaining  a  maximum  performance 
data  point.  For  the  moat  part.  Individual  point*  were  quell fled, 
concerning  their  position  relative  to  the  faired  height-velocity  diagrams, 
on  the  basis  of  pilot's  comment* ,  landing  load  factors,  density  altitude, 
and  the  time  history  analysis. 

Table  X  la  a  ausmtary  chart  of  tha  pertinent  facta  taken  from  the 
time  histories  relative  to  all  of  the  high  hover  end  near  high  hover  date 
points.  In  moat  casae  of  high  hover  or  near  high  hover,  stabilising  of 
the  eutorotatlve  descent  wee  instituted  within  30  feet  of  descent 
following  throttle  chop.  That  it  to  say,  aft  longitudinal  atlck  was 
applied  ao  that  the  aircraft  started  to  arreet  its  nose-down  attitude, 
and  in  e  very  gradual  manner  this  was  continued  to  the  maximum  nose-up 
attitude  (peek  of  the  flare)  which  occurred  at  random  times  prior  to 
touchdown  ranging  from  a  quarter  of  a  second  to  five  seconds.  In  genersl, 
where  the  elapaad  time  from  maximum  nose-up  attitude  to  touchdown  was 
abort,  the  landing  load  factor  was  on  the  high  side.  When  the  time  from 
BMximum  nose-up  to  touchdown  was  rather  prolonged,  the  landing  load 
factora  were  relatively  low.  Correspondingly,  the  widest  variation  in 
landing  load  factor  occurred  in  the  runs  from  high  hover  or  near  high 
hover.  The  touchdown  speeds  (Vyo)  appsar  to  increaae  as  the  weight  and 
altitude  increase  whether  the  entry  is  from  high  hover  or  in  the  "knee" 
ares.  The  vertical  descent  velocity  following  simulated  power  failure 
from  high  hover  or  near  high  hover  did  not  show  any  consistent  trends, 
the  hlgheet  rates  of  descent  occurlng  at  the  9100  pound  gross  weight 
at  Bishop.  The  rates  of  descent  wars  generally  lower,  however,  for 
those  runs  in  the  vicinity  of  Vcr,  hcr>  which  are  listed  In  Table  II. 

Here  again,  however,  there  ere  no  treads  with  respect  to  the  entry  speed, 
the  rates  of  dsscent  varying  as  the  entry  speed  increases.  With  few 
exceptions,  whether  entry  was  from  high  hover  or  in  the  "knee"  area,  the 
incremental  vertical  accelerations  following  simulated  power  failure 
varied  between  .7  and  1.0  g's. 
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OF  TYPICAL  DATA  -  AREA  OF  CRITICAL  SPEED  (V  )  AMD  CRITICAL  HEIGHT  (h 
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There  were  two  fee tore  which  entered  into  tee ting  which  may  heve 
been  limiting  or  controlling  fectore  with  reepect  to  determining  e  dete 
point.  Theee  fectore  were  blede  etell  end  pitching  control.  The  pilot 
frequently  reported  some  "shakes"  during  the  flere  portion  of  the 
lending  meneuver.  The  "ehekee"  were  epperently  eeeocleted  with  blede 
etell.  The  prevelence  of  thle  condition  limited  hie  recovery  technique 
et  touchdown,  thereby  controlling  hie  entry  epeed  end  height  for  e 
given  weight  end  eltitude.  The  other  fector  wee  related  to  the  test 
helicopter's  reletively  slow  response  in  pitch.  Zt  wee  difficult  for 
the  pilot  to  pitch  the  helicopter  nose-down  ,  pick  up  eirspeed  end 
flere  in  the  time  evsileble  from  entry  to  touchdown  for  rune  in  the 
close  proximity  of  the  "knee".  This  fector  undoubtedly  ployed  an 
important  part  in  the  determination  of  e  data  point.  Both  of  these 
factors  are  discussed  in  greater  detail  under  "Summary  of  Pilot's 
Comments." 

Figs.  10  through  12  show  e  comparison  of  time  history  data  for 
high  hover,  low  hover,  and  the  critical  speed  area  for  sea  level  versus 
high  eltitude.  The  figures  show  that  the  control  inputs  and  aircraft 
attitudes  ere  quite  similar  over  the  range  of  altitudes  and  weights 
tested.  This  comparison  of  the  high  hover  and  Vcr  -  hcr,  time  history 
data  Includes  all  the  weights  tested  to  show  the  effects  of  weight  as 
well  as  altitude. 

Discussion  of  One-Second  Delay 

As  a  result  of  the  tests  of  Reference  2,  it  was  learned  that  a 
fairly  large  Increase  in  the  slse  of  the  height-velocity  diagram  existed 
above  the  knee  when  a  one-second  delay  was  used  after  throttle  cut 
before  collective  pitch  reduction.  It  was  not  known  whether  this  seme 
situation  would  exist  with  the  high  inertia  rotor  of  the  S-58  or  whether 
the  inertia  would  cause  this  displacement  to  disappear  as  was  Indicated 
by  the  tests  of  Reference  1.  It  was  decided,  therefore,  that  the 
project  would  be  conducted  on  a  no-delay  basis  with  additional  testing 
of  one-second  delay  maneuvers  to  ascertain  what  the  effect  would  be. 

The  data  obtained  utilizing  a  one-second  delay  in  collective  pitch 
reduction  following  throttle  cut  did  show  a  similar  displacement  as 
that  obtained  in  Reference  2.  Furthermore,  the  characteristic  shape  of 
the  one- second  delay  curve  is  consistent  with  the  rest  of  the  data 
defining  a  family  of  curves.  It  would  appear,  therefore,  that  there  is 
a  specific  increase  in  the  size  of  the  H-V  diagram  above  the  "1  nee"  as 
a  result  of  the  one- second  delay.  The  tests  of  Reference  1  were  not 
programmed  to  seek  this  out.  It  should  be  noted,  however,  that  the  one- 
second  delay  was  only  applied  above  the  "knee"  in  accordance  with 
conventional  procedures.  The  effect  of  a  one-second  delay  below  the 
"knee"  is  not  known. 
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ROTOR  SPEED  SWA5HPLATE  ANGLE  AVG.  SLADE  ANGLE  PITCH  ATTIT  CDE  PITCH  RATE 

RPM  DEGREES  DEGREES  DEGREES  DGGREES'SEC 


Effects  of  Weight  and  Altitude 


As  previously  discussed,  H-V  diagrams  were  individually  drawn 
through  each  set  of  test  points  and  then  cross  plots  constructed  of 
speed  versus  weight  and  altitude  frosi  which  final  H-V  diagrams  were 
drawn.  The  controlling  points  of  the  H-V  diagrams  such  as  Vrr,  hmia, 
and  hgux  were  then  cross  plotted  in  a  manner  to  define  the  R-V  diagram 
relationships . 

These  cross  plots  are  shown  in  Figs.  13  through  16.  The  high 
hover  height,  hnin,  is  shown  to  vary  linearly  with  the  square  of  the 
critical  speed  independent  of  weight,  altitude  and  the  time  delay  In 
collective  pitch  reduction  as  shown  in  Fig.  17.  A  set  of  H-V  diagrams 
resulting  from  these  tests  can  be  partially  defined  in  terms  of  the 
critical  governing  points  on  the  H-V  diagram  which  can  be  obtained  from 
a  set  of  linear  equations.  These  equations  are  basically  identical  to 
those  obtained  In  References  1  and  2.  The  differences  between  these 
equations  and  those  of  the  previous  tests  are  in  the  constants  which 
define  the  slopes  of  these  linear  expressions.  The  height,  hcr,  must 
also  be  known  in  order  to  properly  locate  the  point  Vcr,  hcr.  In 
previous  tests,  her  was  reported  as  essentially  constant  at  approximately 
95  feet  for  Reference  1  and  as  varying  between  80  and  100  feet  for 
Reference  2.  The  current  tests  clearly  Indicate  that  hcr  increases  with 
weight  and  altitude  as  shown  on  Fig.  7  by  the  dotted  lines.  Throughout 
the  ranges  of  weights  and  altitudes  tested  this  height  varied  from 
about  90  feet  to  approximately  110  feet.  Inasmuch  as  the  expression 
shown  below  for  Vcr  holds  true  for  speeds  at  heights  above  and  below 
the  height  for  Vcr  for  approximately  40  to  50  feet  as  well,  the  shape 
of  the  family  of  curves  is  seen  to  be  relatively  constant  in  the  area  of 
the  "knee."  Therefore,  selecting  an  average  hcr  of  100  feet  would  not 
effect  the  construction  of  the  H-V  diagrams.  No  attempt  was  made  to 
establish  an  expression  for  her. 

Equations 


1.  Vcr  -  Vcr(testj  +  C*  AW  ♦  C2Ahd 

where  Vcr  •  critical  velocity  at  a  given  weight  and  density 
altitude 


Cl 

C2 


(test)  ■ 
dVcr 
dW 

.  dVcr 
dHD 


critical  velocity  obtained  through  test 
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CALIBRATED  AIRSPEED  -  MPH 


60 


FIG.  13  CRITICAL,  VELOCITY  (Vcr)  VERSUS  AIRCRAFT 
GROSS  WEIGHT  FOR  THE  RANGE  OF  TEST 
DENSITY  ALTITUDES 


FIG.  14  CRITICAL  VELOCITY  (Vcr)  VERSUS  TEST  ALTITUDE 
FOR  THE  RANGE  OF  TEST  WEIGHTS 
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HOVER.  HEIGHT  -  FEET  LOW  HOVER  HEIGHT  -  FEET 


9  10  II 

WEIGHT  ^  1  000  POUNDS 


FIG.  15  LOW  HOVER  HEIGHT  (hma;i)  VERSUS 
AIRCRAFT  GROSS  WEIGHT  FOR  THE 
RANGE  OF  TEST  DENSITY  ALTITUDES 
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-1  01  234567 

Hd  -  ALTITUDE  ^  1000  FEET 


FIG.  16  LOW  HOVER  HEIGHT  (hmax)  VERSUS  TEST 

ALTITUDE  FOR  THE  RANGE  OF  TEST  WEIGHTS 
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Sm*  "  (»••»)  ♦  c,  Aw  ♦  1'4  A  md 

whfn  *  low  hov»r  h»l|ht  M  a  Ml|hi  Mtl  *4*mIiy  altitude 

t^K(l»tl)  •  low  hover  height  obtained  thtough  testing 

C1  -  —255 

aw 

^Nea* 

1,4  » 

"n 


1. 


Neln  *  *  ♦ 
where  K  ■ 


C, 


**1 

^Vcr 


•  constant  (the  Nile  Intercept) 
n 


The  conittnii  at  theee  empirical  etuiiium  ere  applicable  only  to 
the  teet  helicopter  ee  were  the  constants  of  deference  1.  It  te 
interesting  to  note,  however,  that  ell  teete  resulted  tn  a  aet  of  lineer 
expressions  in  which  only  the  conetente  were  different,  (further,  a  brief 
comparative  anamination  of  the  data  of  all  teata  Indicates  other 
correlating  factors,  It  appears  quite  probable,  therefore,  that  a  aet  of 
equations  can  be  obtained  by  the  application  of  a  aondteena tonal 
analysis  of  the  basic  parameters  and  teat  results  of  the  helicopter  uaed 
tn  this  project  and  in  the  two  other  projects  of  this  program,  which  would 
be  applicable  to  all  single  engine,  single  rotor  helicopters.  Such  an 
analysis  might  determine  whether  N- V  diagrams  can  be  predicted  tor  a 
range  of  weights  and  altitudes  or  developed  from  single  weight  and 
altitude  teat  data.  No  attempt  haa  been  nuide  to  do  this  tn  this  report. 

ftmimu  £1  Piiirift  .Ur  AidMiUia  stl  Mtum  MUh  AUUml* 

One  approach  to  the  problem  of  establishing  an  appropriate  H-V 
diagram  for  variations  of  weight  and  altitude  is  to  eetabliah  e 
diagram  for  maximum  gross  weight  at  sea  lavel  and  hold  this  disgtam 
constant  while  reducing  weight  to  compensate  for  altitude.  Such  en 
approach  ia  shown  in  chart  form  on  Fig.  18.  The  data  for  this  chart  is 
obtained  from  Fig.  14  for  a  constant  Vcr.  Since  h^^  is  e  function  of  Vcr 
independent  of  weight  and  altitude,  tha  upper  part  of  the  diagram  ia 
readily  obtainable.  The  lower  part  of  the  diagram  can  ba  obtained  in  a 
like  manner  from  Fig.  16  because  the  error  in  h***  is  negligible. 
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CONCLUSIONS 


based  upon  the  tnt«  of  this  largo  ainglo  rotor  helicopter  and  an 
analysis  of  tha  taat  results  tc  la  concluded  that: 

1*  Ths  N-V  diagrams  for  thla  helicopter  at  different  weights 
and  altitudes  for*  a  family  of  curves  for  the  altitudes  and  weights 
tested  trtiich  are  defined  by  a  aet  of  equations  involving  key  points  on 
the  N-V  diagram  such  as  Vcr ,  f^*n,  and  .  These  equations  show  that: 

a.  Vcr  is  a  linear  function  of  weight  or  altitude. 

b.  h^K  is  a  linear  function  of  weight  or  altitude. 

c.  hfciH  is  a  linear  function  of  VCf2, 

2.  The  height  (hcr)  for  critical  velocity  (Vcr)  increases 
over  the  range  of  weights  and  altitudes  tested  varying  between  90  to  110 
feet.  Since  the  shape  of  the  M-V  curves  are  relatively  constant  in 
the  area  of  the  "knee/'  a  constant  average  height  of  100  feet  for  Ng, 
can  be  assuaed  without  destroying  the  fanlly  relationships  of  these 
curves. 
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GLOSSARY  OP  TERNS 

Ver»  critical  velocity.  The  a  peed  above  which  en  eutorotetlve 
lending  can  be  wade  from  any  height  after  power  failure 
in  the  low  apeed  ragine,  eph ,  CAS. 

hcrt  the  height  above  the  ground  at  which  Vcr  occura,  feet. 

W  the  high  hover  height  -  the  height  above  the  ground  froei 

above  which  a  aai'e  eutorotetlve  landing  can  be  wade  after 
power  failure  at  aero  alrapeed,  feet. 

H*ax>  the  low  hover  height  •  the  height  above  the  ground  frow 
below  which  a  aafe  power  off  landing  can  be  wade  after 
power  failure  at  aero  alrapeed,  feet. 

Mjjt  denalty  altitude  at  the  point  of  landing,  feet. 

h:  height  of  the  helicopter  above  the  ground,  feet. 

W:  helicopter  weight,  pounda. 

CAS:  calibrated  alrapeed  •  Indicated  alrapeed  corrected  for 

inetruwent  and  poaition  error,  wph. 
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TEST  AIRCRAFT  SPECIFICATIONS 

Significant  aped flcationa  of  the  test  aircraft  are  as  follows: 

1.  Power plant:  Wright  Model  R-1820-84C 

a.  Horsepower  Ratings 

Takeoff  -  152S  hp  <?  2800  rpm  S.  L„ 

Maximum  Continuous  -  1275  @  2500  rp*  S.  L. 

b.  rpm  limitations  -  2800  maxi nun,  2000  minimum 

2.  Gross  Weight: 

a.  Max  Imre  certified  -  13,000  pounds 

3.  Hovering  Celling  0  2700  rpm,  standard  temperature, 
0.00  specific  hunidlty 

a.  0  13,000  pounds  -  9000  feet  In  ground  effect 

b.  0  13,000  pounds  -  7000  feet  out  of  ground  effect 

4.  Maxinun  Speed: 

a.  Sea  level  -  107  knots  -  IAS 

5.  General  Data: 

a.  Rotor  diameter  -  56.0  feet 

b.  Rotor  disk  area  •  2460  square  feet 

c.  Rotor  blade  chord  -  16.4  inches 

d.  Blade  t-.’iw..  -  4°  40'  0  3/4  blade  radius  station 

e.  Airfoil  section  •  NAGA  .0012 

f.  Number  of  blades  -  4 

g.  Solidity  ratio  -  .0569  (.06048  -  Eastern  Region) 

(.059  Sikorsky) 

2 

h.  Disk  loading  -  5.28  pounds/feet  0  13,000  pounds, 
oMSxinun  G.  W, 
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i.  Rotor  inertia  -  5239  slug  feat'2 

J.  Rotor  system  configuration  -  fully  articulated 

k.  Flapping  hinge  offset  -  12.0  inches 

l.  Engine  to  main  rotor  ratio  -  11.29:1 
at.  Rof or  speed  limitations 

(1) .  258  rpm  autximum 

(2) .  170  rpm  minimum 

TEST  INSTRUMENTATION 

A  brief  description  of  the  test  instrumentation  utilised  for  this  flight 
test  program  la  as  follows: 

1.  Airborne  -  the  airborne  quantitative  Information  was: 

a.  Airspeed 

b.  Altitude 

c.  Rotor  rpm 

d .  Engine  rpm 

e.  Collective  stick  position 

f.  Cyclic  stick  position 

g.  Acceleration  (vertical,  lateral,  longitudinal) 

h.  Fuselage  attitude  (pitch) 

1,  Angular  velocity  (pitch  rate) 

j.  Height  (radar  altimeter) 

k.  Instantaneous  vertical  velocity 

l.  Throttle  position 
a.  Wheel  loads 

This  information  was  reerrded  on  an  oscillograph,,  Figs.  2*1  through  2-2 
show  the  installation  of  the  recording  equipment  and  some  of  the  basic 
instrumentation  Installed  on  the  test  aircraft. 


2-2 


2 .  Ground 


Space  position  equipment  utilised  for  tracking  the  aircraft 
la  shown  in  Pig.  2-3. 

Correlation  of  events  between  the  tracking  canera  and  the 
airborne  Instrumentation  was  accomplished  by  sieana  of  a  radio  data  link. 

Meteorological  equipment  utilized  for  recording  atmospheric 
conditions  during  the  flight  testa  la  shown  in  Pig.  2-4. 
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KM.  2-i  SHACK  POSITIONING  EQUIPMENT 
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FIG.  2-4  DATA  CENTER  AND  METEOROLOGICAL  EQUIPMENT 
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APPENDIX  3 

SIMMARY  OP  PILOT’S  COMMENTS 
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APPENDIX  1 


iunmait  or  rxxxn'n  comuxts 


mm* 

The  purpose  or  theee  c  omenta  te  Co  provid#  a  qualitative  analysis 
nf  teat  reaulte  and  of  fptelMt  taat  a«(hoda  and  procaduraa  utilised  In 
tli«  flight  taata  In  order  to  enable  an  acrurata  interpreter ‘on  of  the 
raaulta  to  be  Bade.  Qualitative  coamtnta  In  thla  report  are  baaed  on 
pilot's  coaa«ati  and  notea  made  In  the  field  and  on  a  qualitative 
evaluation  of  the  height- velocity  characteristics  of  the  teat  helicopter. 
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The  following  a'sea  of  the  teat  prograai  will  be  dlacuaaed  herein! 

a.  Pilot  technlquea  and  their  derivation. 

1.  Lower  boundary  pointa. 

2.  "KneeN  and  upper  boundary  points. 

3.  One-aacond  delay  technique. 

b.  Data  point  validation  by  tha  pilot. 

c.  Entry  alrapoed  control. 

d.  Blade  stall  chavactertatica  during  landing. 

e.  Stability  and  control  eftecr.a  on  autorotatlve  performance. 

f.  Wind  and  turbulence  effects  on  autorotatlve  performance. 

«•  lilas.  JjshaUw  msA  Thais 

Tha  tachnlquea  utlllaad  in  thla  prograta  were  developed  to  accomodate 
the  geonetry  and  handling  qualities  of  the  teat  helicopter  and  to  obtain 
tha  nexlaMB  autorotatlve  performance  Inherently  available  In  the  vehicle 
for  e  given  set  of  entry  conditions  on  a  repeatable  basis;  i.e.,  the 
techniques  eaiployad  were  rationalised  and  applied  such  that,  for  a  given 
set  of  taat  conditions,  use  of  the  sane  technlquea  would  produce  similar 
teat  results.  This  condition  of  repeatability  la  Inherently  essential 
to  an  engineering  flight  teat  program. 
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The  landing  |ni  structural  and  geometrical  configuration  and  the 
overall  aiaa  of  eh#  taat  helicopter  dictated  that,  for  laadtnga  utlllaing 
a  cyclic  flare,  the  flare  ahould  be  sequenced  to  obtain  Initial  touch* 
down  on  the  tall  vhiel.  utilising  flare  energy  and  partial  collective 
pitch  application  for  ihle  purpose.  The  remainder  ot  the  collective 
pitch  together  with  eft  cyclic  control  application  would  then  be 
utlllaed  to  cushion  tha  Min  gear  impact.  This  procedure  wee  designed 
to  take  advantage  of  the  energy  abeorptioa  characteristics  of  the  tell 
wheel  ea  well  aa  relieve  the  pilot  of  the  extreme  difficulty  aeaocleted 
with  executing  precision  eutorotatlve  touch* downs  In  a  level  attitude 
(three-point)  in  thla  aircraft.  Thia  difficulty  erieee  because  the 
pilot's  teat  la  approximately  nine  to  ten  feet  above  ground  level 
thereby  increasing  the  depth  perception  requirements  considerably  when 
gauging  the  height  at  which  to  apply  the  collective  pitch  to  effect  the 
three-point  touch-down.  Additionally,  the  three-point  technique  require# 
an  extra  control  notion!  l.e.,  following  the  landing  flare,  the 
helicopter  nuat  be  re-leveled  using  cyclic  control  to  affect  the  three- 
point  touch-down.  In  large  helicopters,  this  additional  control  notion 
la  extremely  difficult  to  time  accurately  due  to  the  relatively  low 
pitch  response  of  the  helicopter.  That  is,  the  aircraft  does  not  seen 
to  respond  readily  to  pilot  control  inputs.  This  apparent  lack  of 
reaponee  becomes  a  critical  factor  when  attempting  to  arrest  e  high 
eutorotatlve  sink  rate  by  flaring  followed  by  a  cyclic  control  reversal 
to  level  the  helicopter. 

To  aunauirlse,  the  "tail  wheal  first"  touch-down  la  uaed  in  this 
aircraft  because  It  takes  advantage  of  the  energy  absorption  character¬ 
istics  of  tha  tall  wheal ,  rellavea  depth  perception  requirements  and 
ulnlnlaas  tha  ef facta  of  lag  in  helicopter  response,  thereby  enabling 
the  pilot  to  optlnixe  tha  precision  end  repeetebl 11 ty  of  the  landings. 

1 ..  Lower  Boundary  Points 

For  data  points  obtained  along  the  lower  boundary  of  the  H-V 
curve,  iron  the  low  hover  point  <Hmax>  to  an  alrepeed  corresponding  to 
the  onset  of  translational  lift  (approximately  20-25  mph) ,  the  following 
technique  we a  utlllaed.  Power  wee  manipulated  to  obtain  an  airspeed  such 
that  relative  s»tlon  between  the  aircraft  and  the  pace  car  wee  stopped, 
thereby  obtaining  the  desired  throctle  chop  airspeed.  Rotor  speed  was 
then  adjusted  by  use  of  the  throttle  to  obtain  239  rpm  +  5  rpm.  Height 
above  ground  was  monitored  using  tha  radar  altimeter  to  obtain  the 
desired  height.  The  run  wee  then  continued  in  e  stabilised  condition 
until  entering  the  teat  course  after  which  the  throttle  was  closed 
abruptly.  In  this  segment  of  the  curve  close  proximity  Co  the  ground 
precluded  appreciable  reduction  of  collective  pitch  following  throttle 
chop.  Consequently,  the  collective  pitch  control  was  either  held  fixed 
or  decreased  as  possible,  following  the  chop.  Little  or  no  cyclic  flare 
wee  used  in  this  segment  of  the  cu^ve.  As  the  helicopter  approached  the 
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ground,  collective  pitch  control  was  applied  et  a  gradually  Increasing 
rat#  such  that  full  control  travel  was  reached  fust  prior  to  ground 
Impact  (J;  0.3  seconds).  Because  no  flare  mi  used,  ground  inpact  in 
this  area  of  the  curve  tended  to  he  In  a  three  point  attitude.  Following 
lnpact,  the  collective  control  was  reduced  to  the  bottom  stop  to  preclude 
ground  resonance  and/or  unnaceasary  aircraft  motion,  and  then  the 
throttle  tasa  reapplied  to  obtain  a  power* on  condition. 

i .  . tern  Jteaa&DL  1"  *ii • 

For  tha  "knee"  and  upper  boundary  areas  of  the  curve,  preliminary 
atabi Illation  was  as  described  above.  Following  throttle  chop,  however, 
tha  collective  pitch  control  waa  immediately  and  firmly  reduced  to  tha 
bottom  atop  to  prevent  excessive  rotor  speed  decay  and  the  helicopter 
waa  simultaneously  nosed  over,  uaing  forward  cyclic  control  to  obtain 
the  noae-down  attitude  that  would  produce  the  desired  flare  entry 
airspeed.  This  attitude  was  obtained  and  stabilised  <a  repldly  as 
possible  using  large  forward  cyclic  control  Inputs.  Left  yawing  of 
the  helicopter  due  to  loss  of  torque  was  counteracted  by  uaing  the 
right  anti- torque  pedal.  As  flare  height  waa  reached,  tha  helicopter 
waa  flared  using  a  rather  abrupt  aft  cyclic  control  input.  As  rata  of 
flara  raachad  a  peak  valua,  collectiva  control  application  comssenced. 
Simultaneously,  as  tha  helicopter  reached  tha  desired  flara  attitude, 
the  flare  rate  was  terminated  and  the  flare  attitude  waa  fixed  by 
application  of  forward  cyclic  control.  Collective  pitch  application 
continued  with  the  objective  of  reducing  tall  wheel  touch-down  alnk 
rates  to  a  low  value  in  order  to  preclude  excessive  tail  wheel  loada 
from  pitching  the  helicopter  noae-down  onto  the  main  landing  gear.  As 
tall  wheal  touch-down  waa  obtained,  aft  cyclic  control  was  applied  to 
utilise  remaining  flare  energy  and  collective  application  waa  contlnuad 
ao  that  full  collective  application  waa  obtained  just  prior  to  isaln 
landing  gaar  impact..  Following  main  gear  impact,  the  collective  control 
waa  reduced  to  the  bottom  stop  to  preclude  ground  resonance  and 
unnecessary  aircraft  motion  and  throttle  was  reapplied  to  obtain  a 
power-on  condition. 

3.  One-Second  Delay  Technique 

One-second  delay  points  were  executed  essentially  as  described 
in  Paragraph  a. 2.  above.  No  unusual  difficulty  waa  experienced  in 
executing  the  throttle  chop  and  the  delay  prior  to  collective  pitch 
reduction.  A  verbal  count  was  employed  to  time  the  d >lay  and  waa 
initiated  when  the  throttle  reached  the  fully  closed  position,  A 
conscious  effort  was  made  to  execute  the  throttle  chop  itself  within  a 
consistent  period  of  tlee,  usually  one  to  two  tenths  of  a  second.  Very 
little  helicopter  aoti.xi  waa  obtained  sj  a  result  of  the  throttle  chop 
and  no  difficulty  was  experienced  in  controlling  the  helicopter.  Using 
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•  verbal  count,  It  was  possible  to  control  the  delay  tine  constant 
within  a  range  ot  plus  or  minus  two  tenths  of  a  second  f row  the  desired 
value  and  the  requlrsnent  to  verbally  count  waa  not  distracting  to  the 
pi  lot . 


No  unusual  difficulties  were  encountered  during  the  descent 
segment  froai  a  delayed  throttle  chop.  There  waa,  however,  a  marked 
deterioration  in  the  ability  to  quickly  and  accurately  obtain  the 
pushover  pitching  rate  which  would  yield  the  desired  Jive  angle.  This 
problem  was  probably  due  to  the  decreased  pitching  control  sensitivity 
at  the  lower  rotor  speeds  obtained  following  a  delay;  i.e.,  the  time 
required  to  reach  a  given  dive  angle  with  a  given  cyclic  input  Increased. 
It  is  possible  that  this  factor  was  accounted  for  by  using  larger 
cyclic  inputs  but  some  difficulty  waa  experienced  in  obtaining  the 
desired  response.  This  characteristic  was  particularly  evident  during 
puehovere  from  the  "knee"  of  the  delay  curve  since,  in  this  area,  due  to 
the  limited  time  available,  rapid  attitude  positioning  was  critical.  On 
several  of  the  delay  points  at  the  "knee",  particularly  at  the  heavier 
weights,  it  waa  felt  that  the  slow  response  in  pitching  prevented 
obtaining  an  attitude  which  would  h.  ve  yielded  better  energy  utilisation. 

Significant  variations  in  flare  and  collective  pitch  technique 
were  required  between  the  no-delay  and  delay  landings.  These  variations 
were  introduced  prlmsrlly  to  a ccownodate  the  possibility  of  blade  stall 
during  the  flare  and  subsequent  collective  application. 

(a)  Fjare 

Klarw  pitching  rates  used  during  delay  landings  were 
generally  lower  than  those  used  for  no-delay  landings.  This  was 
necessary  to  prevent  normal  acceleration  (g)  build-up  from  causing  rotor 
disk  loads  which  would  produce  blade  stall.  This  lower  pitching  rate, 
although  used  on  almost  all  delay  landings,  was  probably  more  apparent 
whan  landing  from  a  "knee"  throttle  chop  than  when  landing  from  a  higher 
height.  This  waa  found  to  be  necessary  because  "knee"  throttle  chops 
tended  to  produce  a  decelerating  rotor  just  prior  to  flare  whereas  chops 
from  higher  heights  provided  sufficient  time  for  the  rotor  to  begin  to 
arcelente  prior  to  flare.  It  waa  observed  that  the  test  helicopter's 
rotor  system  was  particularly  susceptible  to  blade  stall  when 
decelerating.  Therefore,  a  lower  pitching  rate  was  used  on  "knee" 
points. 


(b)  Flare  Heiaht 

Because  of  the  lower  pitching  rates  used,  it  was  necessary 
to  provide  more  time  for  the  helicopter  to  reach  a  landing  attitude.  It 
Is  probable,  therefore,  that  flare  initiation  heights  for  delay  landings 
were  generally  higher  than  those  used  for  no-delay  landings.  This 
change  In  flare  height  was  intuitive  on  tie  part  of  the  pilot. 
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<c)  Cgl.lt<?livj  IliSiL ARPUcft.U.g» 


Collective  application,  aa  on  no-delay  pointa,  was 
Intuitively  Initiated  aa  rotor  speed  acceleration  peaked  (approximately) 
•o  aa  to  obtain  the  maximum  benefit  from  rotor  inertial  forces.  A 
significantly  slower  rate  of  application  vaa  used  on  delay  landings, 
again  to  preclude  the  possibility  of  caualng  blade  stall  due  to  high 
normal  accelerations.  Normally,  If  no  stall  were  obtained,  the 
collective  application  was  made  in  two  segments,  the  first  to  cushion 
the  tall  wheel  touch-down  and  the  second  timed  to  reach  auixlmum 
collective  approximately  with  main  gear  touch-down.  In  a  number  of 
landings  where  blade  stall  cocas enced  (very  noticeable  vibration)  with 
the  Initial  application  c f  collective  pitch,  the  rate  of  application 
was  slowed  and  then  varied  to  try  to  prevent  complete  blade  atall  while 
still  utilising  sll  the  svallable  energy  to  land.  For  landings  where 
blade  stall  occurred  during  the  flar'j,  full  collective  application  in 
one  pull  was  required  almost  immediately  since  blade  stall  in  the  flare 
produced  high  oink  rates  which  precluded  a  gentle  application  of 
collective  pitch. 

b.  Data  Point  Validation  By  the  Pilot 

The  objectives  of  this  program  were  to  define  the  height- velocity 
characteristics  of  the  teat  helicopter  as  associated  with  the  attainment 
of  maximum  autorotative  performance.  Obviously,  the  attainment  of 
maximum  performance  depends  upon  the  complete  utilisation  of  all  the 
energy  available  to  decelerate  the  helicopter  for  touch-down,  following 
a  throttle  chop  from  a  given  set  of  steady-state  entry  conditions. 
Assuming  that  optimum  energy  utilisation  la  obtained,  the  landing  load 
factor  (g)  then  becomes  a  measure  of  maximum  performance.  In  explana¬ 
tion,  if  the  height-velocity  maneuver  were  initiated  from  a  given  set 
of  entry  conditions  (airspeed  and  height  above  ground)  and  if  all  the 
available  decelerating  energy  for  landing  were  utilised,  then  the 
attainment  of  a  landing  load  factor  near  the  design  limit  for  the 
helicopter  under  these  conditions,  would  represent  a  maximum  performance 
point  on  the  height-velocity  curve  for  the  density  altitude  and  gross 
weight  being  examined.  This  criteria  was  employed  throughout  this 
teat  program  and  produced  highly  satisfactory  results.  It  is  believed 
that  the  quantitative  measurement  of  this  parameter  (landing  g  loads)  aa 
a  means  of  validating  the  degree  of  performance  of  a  height- velocity 
point  is,  when  coupled  with  pilot  qualitative  comments,  the  best  approach 
to  obtaining  maximum  performance  data  points. 

c.  Entry  Airspeed  Control 

The  use  of  a  pace  car  to  obtain  desired  entry  airspeeds  proved  to  be 
the  moat  satisfactory  means  of  regulating  this  parameter  in  the  test 
helicopter,  particularly  for  data  pointa  obtained  in  the  region  of  the 
"knee"  and  along  the  lower  boundary  of  the  curve.  Along  the  upper 
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boundary,  however,  Che  accuracy  of  the  pace  method  deteriorated, 
primarily  due  to  the  distance  between  the  helicopter  and  the  car  coupled 
with  the  relatively  alow  apeeds  required.  These  factors  caused  the 
pilot  considerable  difficulty  in  that  relative  motion  between  the 
helicopter  and  the  car  could  not  readily  be  sensed,  thereby  causing 
variations  in  entry  airspeeds.  These  variations  were  particularly 
undesirable  when  executing  a  run  at  an  airspeed  In  the  vicinity  of  a 
maximum  performance  point  since  entry  airspeed  variations  of  +  2  mph  In 
this  area  would  significantly  affect  th  ;  resulting  landing  loads. 

d.  Blade  Stall  Characteristics  During  Landing 

Blade  stall  was  encountered  on  several  landings  in  this  program.  It 
Is  also  probable  that  pilot's  comments  relative  to  "falling  through"  the 
flare  in  Reference  2  were  caused  by  this  phenomena.  Because  this 
characteristic,  from  a  maximum  energy  utilization  standpoint,  represents 
landing  conditions  which  sre  at  or  in  excess  of  the  maximum  performance 
capabilities  of  the  helicopter,  Its  occurrence  was  a  qualitative  criteria 
for  determining  a  maximum  perforaance  point.  The  frequency  of  occurrence 
was  highest  in  the  area  of  the  "knee"  and  along  the  upper  boundary  of 
the  curve,  lowest  along  the  lower  boundary  of  the  curve.  Because  the 
factors  which  Influence  the  onset  of  blade  stall  do  not  vary  linearly 
with  variations  in  entry  airspeed  and  height,  the  probability  of  its 
occurrence  was  extremely  difficult  to  predict.  Depending  upon  the  flare 
entry  conditions  (airspeed,  rotor  speed,  sink  rate)  blade  stall  was 
encountared  either  aa  flare  rate  reached  a  peak  value  and/or  as 
collective  pitch  application  was  commenced.  Stall  was  characterized  by 
loss  of  normal  acceleration  ("falling  through"),  random  rolling  to  the 
left  and  high  amplitude,  4/rev  vibration.  Normal  pilot  response  was  to 
Increase  rate  of  collective  application  to  prevent  the  Impending  hard 
landing.  It  is  probable  that  the  increased  rate  of  application  Induced 
additional  stalling  which  consequently  resulted  in  increasing  the  landing 
sink  rate.  It  is  important  to  remember,  however,  that  the  time  available 
between  severe  stall  onset  and  ground  impact  was  approximately  one  to 
two  seconds  thereby  precluding  any  reasoned  pilot  response. 

e.  Stability  and  Control  Effects  on  Autorotative  Performance 

Thus  far,  two  criteria  have  been  discussed  as  valid  means  of 
determining  r  maximum  performance  point,  normal  energy  limits  and  blade 
stall.  A  third  and  last  criteria  was  utilized  for  several  points 
obtained  in  this  program,  that  criteria  being  s  stability  and  control 
limit.  In  the  test  helicopter,  particularly  in  the  area  of  the  "knee" 
of  the  curve,  it  was  found  that  insufficient  control  power  was  available 
to  pitch  the  helicopter  nose~down  following  throttle  chop  and  then 
flare  to  the  desired  attitude  in  the  time  available  between  throttle  chop 
and  ground  contact.  Consequently,  the  pilot  was  unable  to  take  advantage 
of  all  the  decelerating  energy  available  in  the  helicopter. 
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f .  Wind  and  Turbulence  Effect*  on  Autorotatlve  Performance 


It  If  probable  that  no  other  variable  other  than  pilot  technique  haa 
«  aio re  pronounced  effect  on  autorotatlve  performance  than  wind  gradients 
and  thermal  turbulence.  These  variables,  therefore,  if  not  accurately 
measured,  or  accounted  for,  will  induce  significant  errors  in  the  data 
which  la  generated.  In  this  program,  throttle  chop  entry  airspeed  was 
gradually  reduced  during  the  build-up  to  a  point,  by  reducing  the  speed 
of  the  pace  car  a  measured  amount  from  run  to  run.  By  pacing  on  the  car, 
the  helicopter  thus  attained  a  gradually  decreasing  around  speed. 
Autorotatlve  performance,  however,  depends  not  upon  ground  speed,  but 
upon  true  airspeed.  If,  therefore,  during  the  course  of  a  run,  a  change 
in  wind  speed  occurred  at  a  fixed  car  pace  speed,  a  corresponding 
change  In  true  airspeed  would  be  obtained,  unknown  to  the  pilot.  This 
problem  is  greatly  magnified  when  a  differential  wind  velocity  exists 
between  throttle  chop  height  end  the  ground,  particularly  if  the  wind 
differential  is  such  that  a  loan  la  true  airspeed  is  obtained  during 
the  lending  sequence  (less  headwind  component  on  the  ground  than  aloft) 
alnce  tnia  condition  represents  an  uncontrolled  loss  of  landing  energy 
which  la  very  critical  when  operating  In  the  vicinity  of  a  maximum 
performance  point. 

The  same  effeces  are  produced  by  thermal  turbulence.  If  the  throttle 
chop  and  descent  are  accomplished  with  the  helicopter  located  in  a  rising 
column  of  air  and  if  the  flight  path  of  the  helicopter  then  carries  it 
outside  that  rising  column  prior  to  landing,  it  can  readily  be  seen  that 
an  uncontrolled,  unfavortble  loss  of  landing  energy  is  again  obtained. 
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APPENDIX  4 

SUMMARY  OP  HEIGHT  VELOCITY 
DIAGRAM  FLIGHT  TEST  DATA 

(2  pages) 


SUMMARY  or  HEIGHT  -  VELOCITY 
DIAGRAM  PLIQHT  TEST  DATA 
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